ABSTRACT Soybean (Glycine max L.) plants exposed to '"Cd readily absorb the element. Differential centrifugation of leaf, stem, and root homogenates followed by radioassay showed that Cd was associated primarily with the 105,000g supernatant. Separation of this fraction by gel chromatography and subsequent analysis by radioassays revealed that '"Cd was bound to macromolecules of >50,000, 13,800, and 2,280 molecular weights. The >50,000 and 2,280 molecular weight fractions probably are nonspecific binding of Cd to normal cell components. The 13,800 molecular weight '"'Cd-bound component was found to be inducible by cadmium. It had a high ultraviolet absorbance at 254 nm and a low absorbance at 280 nm at pH 8.6.
Elemental analysis of many different plants growing in laboratories and in various parts of the world near mines and industrial areas have revealed that plants do not exclude toxic heavy metals, especially cadmium, during the uptake of essential minerals (4, 9, 13, 14, 23, 25) . The plant-to-soil ratio for Cd was considerably higher than for Pb, Zn, or Cu (8) . This suggests that the concentration of the Cd in plants is higher than it is in their environment. Cutler and Rains (7) suggested that one of the mechanisms involved in Cd accumulation involves an irreversible sequestering of Cd to binding sites, probably on cell constituents or macromolecules within the cell. Accumulation was greater in the roots than it was in the top of the plants (12) . This accumulation at higher concentrations in various plant species was reported to be toxic (10, 11, 17) . As low as 18 ,UM Cd in the nutrient solution inhibited pod fresh weight accumulation, nitrogenase activities, and photosynthetic rates in soybeans (1 1) .
There is abundant literature pertaining to the binding of Cd in animal tissues (3, 5, 6, 15, 16, 18, 21, 22, 24) and in shellfish tissues (19) . The most important finding was that 75 to 90% of the Cd that accumulated in the mammalian liver or kidney and shellfish tissues was bound by a cytoplasmic soluble protein of low mol wt. This protein was induced by Cd and was found to have an extremely high binding affinity for the element. This specific Cdbound protein has been named "metallothionein" (15) . Characteristically, it is deficient in aromatic amino acids and has high content of cysteine residues in the animal protein and of dicarboxylic residues in the shellfish protein. Recently, Rauser and Curvetto (20) have isolated a copper-containing metallothionein from Agrostis gigantea.
The mechanism whereby heavy metals are distributed and retained in plants is not mined after every third run with Blue Dextran (2 million mol wt). The G-75 chromatography was done again at the end of the cleanup scheme to obtain V/Vo2-UV absorption curves for comparison purposes. After the first G-75 chromatography, the >50,000 mol wt fraction peak was pooled and reduced by lyophilization. Concentrated salts were removed through Bio-Gel P-10 chromatography by eluting with distilled H20. The other UV-absorbing fractions of lower mol wt (V/Vo 1. strument Co.), 500 ml toluene, and 500 ml ethylene glycol monoethyl ether.
RESULTS
Effect of Cadmium on the Growth of Soybean Plants. The vegetative growth of soybean plants in aerated nutrient solutions (Fig. 2) . Chromatographs of x stem and root supernatants were similar (data not shown). Ra§t; dioassay of the eluted fractions showed activity in the regions \ \ 16 which had ratios of elution volume to void volume (V/Vo) of \ "\ 1.00, 1.92, and 2.92, with a predominance in 2.92. The mol wt of these peak regions were estimated at >50,000, 13,800, and 2,200 on the calibrated column (Fig. 3) . Prolonged exposure to Cd <0__ apparently caused a small, but significant, increase in the concen-3.0 *,o trations of 254 nm UV-absorbing substances in the V/Vo region between 1.6 and 2.4. No UV absorption was observed in this ipernatant of untreated region in the control plant extract (Fig. 4) its. We also observed resulted in 92% reduction in 1'9Cd content (count dropped from chlorosis. There was 4,835 cpm to 405 cpm). Pronase had no effect on other radioactive elongation. fractions. Another 2 ml of each sample which had only CaCl2 urteen d after l(nCd added to it were used as a control. The UV absorbance profile of 101o M CdCl2), the pronase-treated fractions was omitted from this study, because of x 106 cpm per plant. absorption interference by the pronase itself. nd final '09Cd counts Figure 5 shows the spectral characteristics of the V/Vo 1.92 f the plant contained material before and after acid treatment. The chromatography of . Of this plant count, V/Vo 1.92 fraction through a 1.5-x 30-cm Sephadex G-25 column ims, and 75.6% in the equilibrated with 0.01 M HCI resulted in a reduced UV absorbance ,f leaf, stem, and root of the Cd-binding component. Subsequent recombination of this wed that l09Cd was fraction and the free l"Cdcontaining fraction parially restored n (Table III) . the absorbance at pH 8.6 . ium-Bound Biomoletionated as described ephadex G-75 chroLmount of nonradiorhe combined radioems, and roots after e resolved into UV-
DISCUSSION
This study has shown that, in the leaf, stem, and root tissues of soybean plants, Cd was associated primarily with the soluble fraction of the cells. A very large amount of nonradioactive low mol wt substances were present in the soluble fraction. Fraction-ation with (NH4)2SO4 and by heating, dialysis, and molecularexclusion chromatography removed most of the substances, but it has resulted in some loss of Cd-containing fractions of relatively low mol wt.
One of the Cd-component complexes, (22), Cd may have a stabilizing effect on the structure of the proteins.
The above characteristics are similar to those described for "metallothionein" in animals and molluscs. Cd-binding protein isolated from a variety of animals, including man (3, 16, 18) , is cysteine-rich and aromatic amino acid-deficient. The UV absorption at 250 nm was shown to be dependent on the Cd-mercaptide bond, and it is generally believed that the absence of aromatic acids in the protein structure causes the lack of absorption at 280 nm (16, 18) . Its mol wt is about 10,000 daltons (V/Vo = 2.11 to 2.14). Previous studies have shown that, during administration of Cd to rats, the element induced the formation of the protein and was sequestered by it. Cadmium was found to stimulate the incorporation of [14C]cystine into the protein in the rat liver (22 (19) . However, the mollusc protein, which is dominated by dicarboxylic amino acids, was found to be different from that in mammals, which is rich in sulfhydryl-containing amino acids. The metallocomponent in Agrostis has 1.9 to 2.4 cysteinyl residues per Cu (20) . This metallothionein has not been characterized with respect to UV absorbance. A Cd-binding protein of 10,000 daltons was isolated from the roots of Cd-treated tomato (2) . This bound protein was partially characterized; it has a UV-absorbance spectrum characteristic of metallothionein, and its synthesis appeared to have been induced by the treatment of the plants with Cd.
The physiological significance of the Cd-bound plant component is not known. There is some evidence that metallothionein participates in Cd-detoxification in animals (16) . Many plants growing on heavy metal-rich soils are known to develop a specific tolerance against these same heavy metals in their environment. Cutler and Rains (7) explained that the binding of Cd may serve to protect the cells from toxic effects. However, further work using highly heavy-metal-tolerant plants is needed to determine whether tolerance (or an increase in the critical threshold level of toxicity for Cd) can be achieved through the formation of heavy-metalbinding components. Cd below the critical threshold level would first induce a biological component and then be sequestered by it, and the element above the threshold level would have a toxic effect on the plant. It is not known if these Cd-binding components are identical with Rauser and Curvetto's (20) Cu-binding metallothionein isolated from Cu-tolerant grass.
The significance of Cd associating with the plant components in the V/Vo 1.00 and 2.92 fractions is obscure. These two fractions probably bind nonspecifically to normal cell components, because "Cd was found in these fractions after in vitro binding of the metal by control supernatant. They are not usually found in animals. Up to 99% of total Cd in the soluble fraction of the liver of rats treated with "0Cd was found bound to metallothionein (15) . The Cd-bound biomolecules in V/Vo 1.0, but not those in V/Vo 2.92 fraction, were found to be highly susceptible to pronase. Cadmium in the V/Vo 2.92 fraction is a bound Cd, because it emerged from the column before the free '0 Cd, which emerged at V/Vo 3.9.
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